We used in situ scanning tunneling microscopy to monitor in real time the formation of nano-rings at the molecular beam epitaxially grown In/CdZnTe(110) surface, and Auger electron spectroscopy to explore the corresponding compositional changes. In-diffusion of In and segregation of Cd to the surface in course of annealing lead to a formation of elliptically distorted nano-rings, elongated along the fast ½ 110 diffusion direction. Exacerbated diffusion anisotropy in the liquid state, at temperatures above the melting point of In, further distorts the nano-rings into a camel-hump shape. 11, 16, 17, 19, 20 Experimentally, the III-V compound semiconductors have so far received perhaps the highest attention, particularly InAs/GaAs or InGaAs/GaAs. 10, 12, [20] [21] [22] [23] [24] [25] [26] In these systems, the most common way (though not exclusive) to fabricate the NRs is by partial capping of the precursor self-assembled quantum dots (QDs). Such dot-to-ring transformation has been attributed to either kinetically limited processes, 25, 26 such as the surface diffusion rate differences between various group III atomic species 8,21 and strain energy relief after capping, 16 or thermodynamically driven processes, 26 e.g., surface free-energy force balance. 8, 11, 17, 21 Surface segregation via exchange reactions with (indirect) 16,20 and without (direct) 19,27 capping has also been proposed to account for a QD-to-NR transformation. In addition, elasticity and, in particular, shear modulus have also been shown to affect the QD-to-NR transformation.
The possibility of using self-assembled semiconductor nano-rings (NRs) as building blocks in new generation solidstate devices, such as quantum computers, 1,2 light emitting diodes (LEDs), 3 and infrared photodetectors, 4 attracts a great deal of interest. Their intriguing topological quantum effects, such as Aharonov-Bohm effect, 5, 6 which have been demonstrated both experimentally [7] [8] [9] [10] [11] and theoretically, 12,13 drive massive efforts aimed at developing better fabrication techniques, 7, [14] [15] [16] [17] higher degree of control over size and shape, 1,9,10,18 and ultimately deeper understanding of their formation mechanisms. 11, 16, 17, 19, 20 Experimentally, the III-V compound semiconductors have so far received perhaps the highest attention, particularly InAs/GaAs or InGaAs/GaAs. 10, 12, [20] [21] [22] [23] [24] [25] [26] In these systems, the most common way (though not exclusive) to fabricate the NRs is by partial capping of the precursor self-assembled quantum dots (QDs). Such dot-to-ring transformation has been attributed to either kinetically limited processes, 25, 26 such as the surface diffusion rate differences between various group III atomic species 8, 21 and strain energy relief after capping, 16 or thermodynamically driven processes, 26 e.g., surface free-energy force balance. 8, 11, 17, 21 Surface segregation via exchange reactions with (indirect) 16, 20 and without (direct) 19, 27 capping has also been proposed to account for a QD-to-NR transformation. In addition, elasticity and, in particular, shear modulus have also been shown to affect the QD-to-NR transformation. 28 Nano-ring formation in other compound 7 and group IV 16, 29 semiconductors have been less explored. Even smaller body of work on direct fabrication of III-V NRs (e.g., InAs/InP, 19, 27 GaSb/GaAs (Ref. 11)) exists, let alone in the II-VI group, 7 with or without capping. In this work, we synthesize II-VI NRs by depositing In on top of CdZnTe(110) in a scanning tunneling microscope (STM) and annealing, in a 2-rather than 3-step process, with no capping required. In the light of the above, the importance of this work is three-fold. First, it stems from the mere fabrication of self-assembled (SA) II-VI NRs, whose exploration is extremely scarce in spite of their importance for detection and optoelectronics applications in a high-energy portion of the spectral range. 7, 30, 31 Second, with no need for capping, and employing very moderate annealing temperatures, the fabrication process is short, simple, and requires low thermal budget. Finally, by closely monitoring the entire sequence of surface evolution in situ with STM, in a series of controlled experiments under varying In coverage, we first observed formation of In 2 Te 3 interfacial layer, followed by SA formation of CdInTe NRs on top of In 2 Te 3 /CdZnTe(110), and finally NR transformation into camel-humps upon higher temperature annealing. This method, along with Auger electron spectroscopy (AES) characterization of the compositional changes throughout, allowed us to get an intimate insight into direct formation and transformation of NRs into camel-hump (CH) nanostructures and to better elucidate the plausible mechanisms. The proposed mechanism for NR formation is based on a In/Cd exchange, with Cd from the substrate segregating onto the surface, opposite to the indiffusing In which leaves NR voids at the surface. Anisotropic diffusion, faster along ½ 110 than along [001] direction, causes elongation of the rings and ultimately, at higher temperatures, transformation into CHs. This is a straightforward method to fabricate II-VI NRs and CH nanostructures by self-assembly.
High-resistivity Cd 0.9 Zn 0.1 Te semiconductor crystals from "Orbotech" were cleaved along {110}-planes, cleaned ex-vacuo, and introduced into a multi-chamber ultrahighvacuum (UHV) variable-temperature scanning tunneling microscope (VT-STM) equipped with facilities for gas dosing, ion-sputtering, low-(LEED) and reflection high-energy electron diffraction (RHEED), an Auger electron spectrometer, and capable of time-resolved monitoring of epitaxial growth from a microprocessor-controlled three-pocket ebeam evaporator and effusion Knudsen cell (a commercial, water cooled K-cell form Karl Eberl GmbH, Germany). In UHV (base pressure 1 Â 10 À8 Pa), after sputter-anneal surface preparation and in situ monitoring, as described in detail in our previous work, 32 the indium was grown by molecular beam epitaxy (MBE) from the effusion cell at room a)
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V C 2012 American Institute of Physics 100, 213116-1 temperature (RT) onto a sputtered-annealed atomically clean and well-ordered CdZnTe(110) surface mounted in the VT-STM stage and subsequently underwent a series of annealing treatments in the STM under continuous real-time imaging. Prior to In evaporation, the CdZnTe samples had to be heated to $100 C using a pyrolytic boron-nitride (PBN) heater in the STM stage to attain the state of sufficient conductivity for tunneling (I ¼ 0.32 nA). No heating was required, however, after indium evaporation, indicating an expected formation of a conductive layer. Deposition rate was calibrated using the K-cell evaporation rates over the evaporation time, and correlating with coverage in submonolayer STM images: 33 the temperature of the K-cell source (PBN crucible) was maintained at 749 C, at which factory-specified growth rate should be in the 0.1-10 Å s À1 range. The pressure was kept below 2.3 Â 10 À7 Pa during evaporation. The evolution of the surface crystallography, morphology, and stoichiometry with indium deposition and subsequent annealing was investigated in situ with RHEED, STM, and AES, respectively.
Morphological evolution of the In/CdZnTe(110) surface in course of annealing is shown in the filled-states STM images in Fig. 1 , with Fig. 1(a) of the bare surface prior to In deposition. Immediately after In evaporation at RT, the surface was completely covered with large three-dimensional (3D) ridges or hillocks to the extent that the underlying Te rows of the CdZnTe substrate, shown in the inset of Fig.  1(a) , could no longer be observed. Fig. 2 presents AES compositional analysis of the surface following In deposition and heat treatments, and it clearly indicates that the above change of surface morphology from 2D to 3D was accompanied by a drastic reduction of Cd concentration, with the Te content roughly unchanged (treatment "4"). Low temperature annealing (T < 100 C) lead to flattening of the 3D ridge-like morphology, down to a complete disappearance of the ridges after a four-hour anneal at 120 C. Formation of NRs on top of the uppermost layer was observed instead, as can be seen in Fig. 1(c) , with the uppermost layer comprised of discontinuous row segments identified in our previous work as epitaxial indium-telluride "fingers" growing along the ½ 110 direction of the CdZnTe(110) substrate. 33 The NRs were elliptically elongated with the long axis parallel to the same ½ 110 direction. Magnified images of fully grown NR and a nucleus (a small rimless hole) are shown in the insets of Fig. 1(c) . Some NRs had only discontinuous rims around their holes, with wide gaps along [001] direction, creating the shape of a ½ 110-aligned CH [marked with arrows in Fig. 1(c) ]. Fig. 1(d) shows that even the full NRs transformed into CHs after an hour of a higher temperature anneal (up to 260 C). Highresolution 3D topography of a typical NR and a CH are shown in 
FIG. 2. Compositional evolution of the cleaved CdZnTe(110) surface with
In evaporation and annealing treatments. AES of the as-cleaved (denoted "0" treatment), sputtered ("1") and sputtered-annealed ("2" and "3") bare surface, and immediately following In deposition ("4"), and annealing up to $50 C ("5"), 220 C ("6"), and 330 C ("7"). 32 [see the inset of Fig. 1(a) ], which already facilitates similar elongation of the In 2 Te 3 "fingers" 33 (e.g., see Figs. 3(b) and 4) prior to the NR and CH formation, the faster ½ 110 diffusion direction makes perfect sense. 26 Surface diffusion along the atomic rows is usually faster than across them.
Compositional changes, accompanying In deposition on CdZnTe followed by annealing treatments of the In/CdZnTe layer, are shown in Typically segregation proceeds via exchange reaction between the surface and the more inner atoms, leading to non-planar, wavy interfaces when the bottom layer contains the segregating element but to sharp ones when the element is contained in the top layer. For example, Ge segregation to Si surface results in sharp Ge/Si (as opposed to Si/Ge) interfaces, 43 In segregation by In-Ga exchange mechanism roughens GaAs/InAs interfaces, but not the InAs/GaAs ones, 22, [39] [40] [41] and Cd segregation (most likely via Cd-In exchange) is responsible for rough and smooth InSb/CdTe and CdTe/InSb interfaces, respectively. 35 Based on our observations we propose the following model for direct formation of NRs and CHs at the In/CdZnTe surface, presented schematically in Fig. 5 . The volatile Cd atoms segregate to the surface, 44 exchanging with In (Ref. 35) and facilitating chemical reaction between the released Te and the in-diffusing In atoms. The tendency of Te atoms to form bonds 44 and the thermodynamic driving force based on the heats of formation favor In 2 Te 3 (Refs. 33-36) interfacial layer between the upper In ridge-like layer and the underlying CdZnTe(110) substrate (Fig. 5(a) , Cd segregation is not shown for clarity). In-diffusion of In causes flattening of the ridges [ Fig. 5(b) ], and since, due to this hill-and-valley morphology, there are massive thickness variation on the surface [e.g., see Fig. 1(b) ], complete depletion of In at locations with the thinnest In coverage is likely to occur, leaving voids behind, i.e., at the top surface. Observation of a NR nucleus in a form of a hole in the In 2 Te 3 layer "fingers" [bottom inset of Fig. 1(c) and schematically in Fig. 5(c) ] rather than by a characteristic convex rim [as in the top inset of Fig. 1(c) ] is noteworthy. It indicates that liquefaction-based models, where the rim is born out of the same material spilled-out radially during the hole formation, cannot explain these NRs since in those models the hole cannot be created without a rim and vise versa and hence they have to form simultaneously, 10, 17, 20, 21 contrary to the observation here. Due to anisotropy, the mean diffusion distance is longer in a ½ 110 direction than in the perpendicular [001] direction even in the solid state, causing elliptical distortion of the NRs. Finally, high-resolution STM images of the NR nucleus in the bottom inset of Fig. 1(c) [and schematically in Fig. 5(c) ] and NRs in Fig. 4 indicate that their rims are closely related to the In 2 Te 3 fingers, which are also seen at the bottom of the holes [Fig. 4 , and schematically in Fig. 5(d) ]. Hence, after reacting with the segregated Cd, the rims are most likely made of an immobile ternary Cd-In-Te compound.
However, due to the already mentioned morphological heterogeneity of the In coverage, certain regions might experience differences in thickness, convexity, state of stress, etc. It is also well known that In and even InAs layers and nanostructures can melt at temperatures well below their bulk values, e.g., due to high surface/volume ratio, stress, etc. 10, 17, 19, 20 It is even more conceivable that for pure In (T m ¼ 165 C) in our case, local melting can take place already upon heating to 120 C [causing In dewetting and spill-out, as exemplified by the bowed transparent arrows in Fig. 5(c) ], let alone 260 C, which can account for the CH formation alongside the NRs in Fig. 1(c) ), and a complete replacement of the NRs by CHs in Fig. 1(d) , respectively. Increased mobility in the liquid state accompanied by dewetting increases the mass transfer anisotropy, facilitating transition from elliptical NR shapes to CHs [transparent bowed arrows in Fig. 5(e) ].
In summary, a simple and reproducible method for direct fabrication of II-VI (In-Cd-Te) semiconductor nano-rings and camel-humps at MBE-grown In/CdZnTe(110) was demonstrated. Based on our in situ scanning tunneling microscopy analysis of the In/CdZnTe(110) layer morphology and crystallography and compositional Auger electron spectroscopy analysis, as a function of annealing treatments, the formation of the rings and their transformation into camel-humps are explained in terms of surface segregation via Cd/In exchange reaction and anisotropic surface diffusion. The rings were formed by annealing of a high-coverage In/CdZnTe(110) at relatively low temperature of $120 C, where In still predominantly retains its solid state. The holes of the rings were formed by depletion of In at the surface due to in-diffusion, whereas their immobile rims were made of segregated Cd after reaction with In and Te. The elongated, elliptical shapes of the rings are explained by anisotropic diffusion, faster along ½ 110 than along the perpendicular [001] direction. The anisotropy is further exacerbated by liquefaction of In at higher annealing temperatures of $260 C > T m In ¼ 165 C, leading to transformation from the elliptical nano-ring shape into a camel-hump. Hence formation of the In/CdZnTe nano-rings and/or camel-humps can be controlled by appropriately adjusting the coverage and the annealing temperature.
